An electrical multi stability effect was observed for a single layer device fabricated, comprising a hybrid virus-semiconducting quantum dot ͑CdSe/ ZnS core/shell Qds͒ assembled onto icosahedral-mutant-virus template ͑CPMV-T184C͒. A substrate based bottom-up pathway was used to conjugate two different color emitting Qds for fluorescence visualization and to insert a charging/ decharging factor. Pulsed wave measurements depicted distinct conductive states with repeatable and nonvolatile behavior as a functioning memory element.
Quantum dots ͑Qds͒ contain size dependent band gap properties due to quantum confinement effects, 1 offering a tunable material for carrier transport. Aromatic residues within peptides ͑e.g., cosahedral cowpea mosaic virus, CPMV͒ and specially conjugated polymer systems, through delocalization of bonds, create a pathway for charge transport. 2 Combining the versatile multifunctional capability of virus and semiconducting Qds, we show CPMV-QD hybrids as an exciting material system towards electronic memory devices with multilevel nonvolatile states. For CdSe/ ZnS, in particular, the ZnS insulating capping layer of CdSe passivates inherent QD core defects to improve quantum yields, 3 provides a moiety for aqueous chemistry 4 and bioconjugation, 5 and also provides a barrier to charge transport which may be beneficial to creating multistability required for memory. Studies on metal conjugated polymer systems have demonstrated stable electrical bistability with hysteresis for Ag-polyfluorene, 6 Au-polyaniline, 7 and Au-2-naphthalenethiol. 8 This was proposed for memory due to observed electronic bistability effect, and based on an E-field induced charge transfer mechanism. With a well characterized structure amenable to surface functionalization, 9 CPMV has been investigated in a variety of assemblies, [10] [11] [12] [13] with electrical characterization, 14 and other virus systems for memory 15 and assembly. 16 With the knowledge of CPMV being densely packaged and highly aromatic ͑840 tryptophanyl per capsid 17 ͒ and the idea that the insulating QD capping layer provides a stable barrier for charge storage, we surmised the possibility of a similar phenomenon between a highly localized conjugated tryptophanyl system on CPMV coat protein, and the semiconducting nanocrystal ͑QD͒, acting through our succinimidyl 4-͓N-maleimidomethyl͔cydohexane-1-carboxylate͑SMCC͒ and amide linkers. In order to develop this exotic hybrid material device, a chemical patterning technique self-assembled monolayer ͑SAM͒ on Au was used to build monodisperse nanoparticle hybrids. We chose to covalently couple two different color emitting CdSe/ ZnS core/shell Qds ͑QD red and QD green ͒ on the viral capsid to conveniently visualize dual attachment by spectral overlap with standard fluorescence microscopy, and raised a virus mutant CPMV-T184C to express the necessary functional groups for assembly. For CPMV-WT ͑wild type͒, the smallest repeating structure a͒ Author to whom correspondence should be addressed; electronic mail: mihri@ee.ucr.edu ͓asymmetric unit, composed of a "small" ͑24 kD͒ and "large" ͑42 kD͒ subunit͔ displays five solvent exposed lysines 18 used for QD green linkage. By insertion of a cysteine at residue 184 of the small subunit, conjugation chemistries allow selective attachment of QD red at an additional site.
The procedure to fabricate dual QD attached CPMV-T184C hyrids ͑abbreviated as CPMV-2QD͒ on Au device is illustrated in Fig. 1͑a͒ . SAM deposition was performed using a 1:10 mixture of maleimide disulfide ͑MED͒ and hydroxylcapped disulfide ͑EG3-EG3͒ in ethanol ͓Fig. 1͑b͔͒. CPMV-T184C containing 60 cysteines per virion was then introduced to the SAM in the presence of 2 mM tris͑carboxyethyl͒phosphine reducing agent to produce a viral monolayer. Organic soluble red and green emitting ZnS capped CdSe Qds were hydrophilized by carboxylation 19 ͑by 2-mercaptoacetic acid; MAA͒ and amination ͑by 2-aminoethanethiol hydrochloride; AET͒ to facilitate aqueous based conjugation to the CPMV-T184C surface. 5 Green emitting carboxylated Qds ͑QD green -MAA͒ were covalently linked to the CPMV-T184C coat protein by activation with EDC ͓1-ethyl-3-͑3-dimethylaminopropyl͒carbodiimide hydrochloride͔ and subsequent attachment to lysine residues. 20 Amine functionalized red emitting Qds ͑QD red -AET͒ were addressed with maleimide groups for selective sulfhydryl linkage of CPMV-T184C immobilized on Au, by reaction with the hetero-bi-functional cross-linker SMCC, 21 following exposure to remaining cysteines of the QD green -modified CPMV-T184C particles.
The virus only distribution in Fig. 2 scanning electron micrograph ͑SEM͒ shows that depositing a 3 mg/ ml CPMV-T184C solution for 3.5 h produces an average virus spacing of 100 nm ͓Fig. 2͑a͔͒. Fluorescence microscopy at 50ϫ of CPMV-2QD on Au substrate ͓Figs. 2͑b͒-2͑d͔͒ confirmed a spatial overlap of red and green emitting Qds, indicating they are confined in close proximity on the CPMV-T184C viral surface. Characterization of QD fluorescence was obtained from an upright fluorescent microscope at 50ϫ, using appropriate filter set and imaged using Spot diagnostic charge coupled device camera. Green ͓Fig. 2͑b͔͒ and red ͓Fig. 2͑c͔͒ bandpass filtered fluorescence and merged ͓Fig. 2͑d͔͒ images are shown, where a combined spectrum appears yellow in most regions. The total coverage of QD fluorescence seems scattered due to light microscopy resolution limit and possible quenching by the Au substrate.
The single layer hybrid virus-QD device fabrication used previously reported methods, 7 with concentrations of 2.66 g of CPMV-2QD hybrids from the thermal lift-off in a 1 ml aqueous solution containing 5.7 wt % polyvinyl alcohol ͑PVA͒. Although covalent binding of CPMV-2QD is not spectroscopically verified, the structural integrity and spatial organization of mono dispersed CPMV-2QD hybrids was shown from lift-off according to transmission electron microscopy ͑TEM͒ ͓Fig. 2͑e͔͒. We applied an electric field between two electrodes sandwiching a PVA matrix containing our CPMV-2QD hybrid by spin coating at 1000 rpm on Al electrode ͑200 m width͒ as the active layer, and finished with a same size top Al electrodes.
The current-voltage curve shown in Fig. 3 demonstrates the presence of several multistable switching states ͓Fig. FIG. 1 . ͑Color online͒ Device assembly of substrate based system and SAM composition. ͑a͒ Schematic of substrate based CPMV-2QD on Au substrate system. Adsorption of mixed disulfide alkane thiol expressing a maleimide group is followed by addition of CPMV-T184C. Water solubilized QDs of red and green emissions are attached to cysteine and lysine residues on the capsid through maleimide and carbodiimide chemistries, respectively. A single QD of each type is represented on one virus particle for simplicity. ͑b͒ Composition of mixed disulfide 11-mercaptoundecyl penta͑ethylene glycol͒ terminated maleimide ͑MED͒ and hydroxyl terminated disulfide alkanethiol ͑EG3-EG3͒ used for SAM assembly. MED contains a disulfide alkane maleimide cross-linker containing a disulfide for chemisorption to the Au substrate, a flexible undecyl alkane linker, an ethylene glycol ͑PEG͒ antiadhesion layer, and a reactive maleimide group on opposing end. ͑e͒ TEM of structurally intact CPMV-2QD hybrids recovered after thermal lift-off, revealing QD decorated CPMV-T184C particles measured as ϳ3.3 nm ͑green arrow͒ and ϳ6.1 nm ͑red arrow͒, respectively. Scale bars of 50 nm for main micrograph and 5 nm for inset.
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3͑a͔͒. By sweeping with positive scanning bias from 0 to 5 V, several transitions to higher conductance states were observed with at least one order increase. In the low conductance state, the electrons are injected from the electrodes to the CPMV-T184C, presumably via tunneling through various aromatic residues. Upon reaching a threshold voltage ͑V 1 ͒, the applied potential enables tunneling into the CdSe core, causing a high conductance switch. With greater voltage, the electron creates a Coulomb blockage for entry of more electrons into the QD core, represented by another shallow increase in conductance until a second threshold V 2 is reached. At this level, enough energy is supplied by the external electric field to inject another electron into the QD, thereby causing another step increase in conductance. It is most likely that during the low conductance levels in between V 1 and V 2 , the electron leaves the QD core, allowing another to replace it before reaching V 2 . Increasing to a higher potential helps overcome the high band gap ZnS cap potential barrier by tunneling, and injects electrons into the CdSe core. Hysteresis with some residual current was observed in return scanning from high to low bias, suggestive of charge storage in the QD core. We note that partial Qds on the CPMV being charged are able to create this conductance switching as well. Conductance switching was absent in CPMV-T184C and carboxylated QD green controls, supporting the conclusion that selective conjugation of Qds to insulating CPMV-T184C is important for such electronic phenomenon.
To demonstrate applicability of this single layer hybrid device as a functioning memory element, a simple writeread-erase cycle is presented in Fig. 3 ͓Fig. 3͑b͔͒. We program the device with write, read, erase, and read pulses of 5, 1, −3, and 1 V, respectively. The time width of the pulses is 16ms. The corresponding currents to the different pulses were recorded to show two distinct high and low conductance states ͑i.e., "1" and "0"͒. The write and erase pulses are denoted as "W" and "E" ͑read pulse is denoted as "R"͒. These cycles can reach about 100 times with one to two orders of magnitude difference in the high/low conductance states. The high or low conductance states are repeatable and nonvolatile, and the memory effect produced by this hybrid system is evident by the I-V sweep and cycle curves.
Hybrids of CPMV and QD prepared with bottom-up approach and their electrical characterization demonstrated multistable memory characteristics. Full cycles of W-R-E-R were performed at 5, 1, −3, and 1 voltages ages. The results presented here offer a new dimension and material combination for fabrication of nonvolatile memory systems. It also depicts a unique charge interaction behavior between an organic and inorganic components resulting in multilevel stability which is desired for the memory applications. 
